The genomic DNA in an organism encodes all proteins that are necessary for life, but the DNA sequence is not the sole determinant of the phenotypic traits of cells and organisms. Transcription is tightly regulated by epige netic modifications, which have an important role in con trolling when and where specific genes are expressed 1, 2 . Epigenetic modifications regulate important processes, such as cellular differentiation, and are also implicated in various diseases, including cancer, autism spectrum dis order and other developmental diseases, such as Rett syn drome [3] [4] [5] . Epigenetic control of gene expression is often mediated through the covalent modification of DNA itself or of the histone proteins that package DNA in the nucleus. These modifications do not result in changes to the DNA sequence but can affect the binding of specific proteins to the DNA, including transcription factors and proteins that regulate chromatin structure [6] [7] [8] . In mammals and many other eukaryotes, the most common covalent modification of DNA is the methyl ation of cytosine (C) at the 5position to produce 5methyl cytosine (5mC). Although this modification can be inherited, it can also be enzymatically intro duced and removed in response to various stimuli 9 . DNA methyltransferases (DNMTs), together with an Sadenosylmethionine (SAM) cofactor, catalyse the for mation of 5mC. 5mC is most often found in the context of 5ʹcytosinephosphateguanine3ʹ (CpG) dinucleotides. Regions containing a high density of CpG sequences are present in ~72% of promoters in the human genome 10 . Methylation of these regions causes transcriptional inactivation of the associated gene 9 . Cytosine methyl ation is also important in cancer, as the transcription of tumour suppressor genes is often silenced by the methylation of CpG sites in their promoters 11 ; conse quently, DNMT inhibitors are used as anticancer drugs 12 . Cytosine methylation may also have a role in regulating chromatin folding 13 . Demethylation of 5mC was previously assumed to occur only by passive dilution, that is, DNA replica tion during cell division without the maintenance of methylation patterns. However, the recent discovery of oxidized forms of 5mC has revealed the existence of an active demethylation pathway (Fig. 1) in which 5mC is converted into 5hydroxymethylcytosine (5hmC) by the ten-eleven translocation (TET) family of dioxygen ase enzymes, which includes TET1, TET2 and TET3. In this reaction, a dioxygen molecule is transferred to αketoglutarate and 5mC via reactive Fe(iii)/Fe(iv) intermediates to yield succinate and 5hmC 14 . 5hmC can be further oxidized by TET enzymes to 5formylcyto sine (5fC) and 5carboxylcytosine (5caC) 15 , both of which can be excised from DNA by thymine DNA glycosylase (TDG) to produce an abasic site
. Epigenetic modifications regulate important processes, such as cellular differentiation, and are also implicated in various diseases, including cancer, autism spectrum dis order and other developmental diseases, such as Rett syn drome [3] [4] [5] . Epigenetic control of gene expression is often mediated through the covalent modification of DNA itself or of the histone proteins that package DNA in the nucleus. These modifications do not result in changes to the DNA sequence but can affect the binding of specific proteins to the DNA, including transcription factors and proteins that regulate chromatin structure [6] [7] [8] . In mammals and many other eukaryotes, the most common covalent modification of DNA is the methyl ation of cytosine (C) at the 5position to produce 5methyl cytosine (5mC). Although this modification can be inherited, it can also be enzymatically intro duced and removed in response to various stimuli 9 . DNA methyltransferases (DNMTs), together with an Sadenosylmethionine (SAM) cofactor, catalyse the for mation of 5mC. 5mC is most often found in the context of 5ʹcytosinephosphateguanine3ʹ (CpG) dinucleotides. Regions containing a high density of CpG sequences are present in ~72% of promoters in the human genome 10 . Methylation of these regions causes transcriptional inactivation of the associated gene 9 . Cytosine methyl ation is also important in cancer, as the transcription of tumour suppressor genes is often silenced by the methylation of CpG sites in their promoters 11 ; conse quently, DNMT inhibitors are used as anticancer drugs 12 . Cytosine methylation may also have a role in regulating chromatin folding 13 . Demethylation of 5mC was previously assumed to occur only by passive dilution, that is, DNA replica tion during cell division without the maintenance of methylation patterns. However, the recent discovery of oxidized forms of 5mC has revealed the existence of an active demethylation pathway (Fig. 1) in which 5mC is converted into 5hydroxymethylcytosine (5hmC) by the ten-eleven translocation (TET) family of dioxygen ase enzymes, which includes TET1, TET2 and TET3. In this reaction, a dioxygen molecule is transferred to αketoglutarate and 5mC via reactive Fe(iii)/Fe(iv) intermediates to yield succinate and 5hmC 14 . 5hmC can be further oxidized by TET enzymes to 5formylcyto sine (5fC) and 5carboxylcytosine (5caC) 15 , both of which can be excised from DNA by thymine DNA glycosylase (TDG) to produce an abasic site 16 . Unmodified cytosine can then be restored by base excision repair (BER). 5fC and potentially also 5caC can be directly converted into cytosine through deformylation and decarboxylation,
Transcription factors
Proteins that bind to specific DNA sequences and thereby regulate the transcription of genes.
Abasic site
A site in DNA that consists of a deoxyribose unit lacking a purine or pyrimidine base.
Base excision repair (BER) . A cellular DNA repair pathway that removes and replaces damaged or mismatched nucleobases in DNA.
respectively 17, 18 . The activationinduced cytosine deam inase (AID) and APOBEC families of enzymes can deaminate 5mC to thymine (T), resulting in mismatched T:G base pairs that are repaired by BER 19 . Evidence also exists for deamination of 5hmC by AID and APOBEC enzymes in vivo 20, 21 , although a study using purified AID or APOBEC enzymes found that they show low activity towards 5mC compared with cytosine, and no detectable deamination of 5hmC was observed in vitro 19 . Evidence exists that oxidized 5mC derivatives are not only intermediates in this demethylation pathway but are also epigenetic modifications 22 . Modifications of cytosine at the 5position protrude into the DNA major groove and are thus accessible to DNAbinding molecules 2 . Differences in the hydrogenbonding prop erties and steric differences between different cytosine modifications enable differentiation among them. NMR studies showed that the formyl group in 5fC and the car boxyl group in 5caC are held rigidly in the plane of the cytosine ring owing to an intramolecular hydrogen bond with the amino group at the 4position 23 . By contrast, the hydroxyl group in 5hmC seems to rotate freely, as two different conformations have been detected in crystal structures 23 . The intramolecular hydrogen bonding in 5fC therefore exaggerates what would otherwise be a subtle structural difference between 5hmC and 5fC, ena bling these modifications to be more easily distinguished by DNAbinding proteins. Some 5hmC residues, particularly those at promoters and at poised and active enhancers, seem to be stable and are not subject to further oxidation by TET enzymes 24 . 5hmC is also enriched in exons and near transcription start sites 25 . 5hmC is especially abundant in the brain, particularly in Purkinje neurons 26 . Embryonic stem cells (ESCs) also show elevated 5hmC levels, whereas some types of cancer cells have a lower than normal genomic content of 5hmC 26 . These data suggest that 5hmC has a role in gene regulation and that the celltype specific regulation of TET dioxygenases is an important mediator of transcription control 22 . 5fC seems to be a semipermanent modification in some cases as well. For example, TDG was found to remove only 50% of 5fC residues at specific genomic sites 27 . 5fC occurs predominantly at poised enhancers in mouse ESCs 28 , and several proteins have been iden tified, including transcription factors and chromatin regulators, that bind preferentially to regions containing 5fC 29 . Lysine residues in histone proteins can form imine crosslinkages with 5fC residues in DNA, which might have a role in nucleosome positioning 30, 31 . Furthermore, the activity of RNA polymerase II is markedly reduced by the presence of 5fC or 5caC in template DNA 32 . 5fC is also found in mitochondrial tRNA molecules, in which it modulates codon-anticodon interactions 33 . The zincfinger transcription factor Wilms tumour protein (WT1) binds most strongly to 5caC owing to electrostatic and hydrogenbonding interactions with the negatively charged carboxylate of 5caC 34 . Another tran scription factor, MYCassociated factor X (MAX), which is mutated in multiple myeloma, has a greater affinity for its binding site in DNA when cytosine or 5caC is present than when 5mC, 5hmC or 5fC is present 35 . These data suggest that 5caC regulates transcription.
TET enzymes also convert 5mC into 5hmC, 5fC and 5caC in RNA [36] [37] [38] [39] [40] , suggesting that these modifications also have a role in regulating translation. Indeed, the presence of 5hmC in mRNA can facilitate translation 40 . 5Hydroxymethyluracil (5hmU) and 5formyluracil (5fU) are oxidized derivatives of thymine that can form from DNA damage induced by reactive oxygen spe cies (ROS) and are associated with mutagenesis 41, 42 . Furthermore, TET enzymes have been shown to oxidize thymine to produce 5hmU (Fig. 2) in mouse ESCs, which influences the binding of some chromatin remodelling proteins and transcription factors 43 , suggesting that 5hmU also has an effect on transcription.
The levels of cytosine modifications in genomic DNA depend on a number of factors, such as the age, tissue type and disease state of an organism 26, 44, 45 . For example, in mouse ESCs, 5hmC, 5fC and 5caC comprise 0.13%, 0.002% and 0.0003% of all cytosine residues, respec tively 15 . 5mC is the most abundant cytosine modification in genomic DNA and comprises >4% of all cytosines in most healthy human tissues 46 . The levels of 5hmU and 5fU in mouse ESCs have been found to be 5% and 22% relative to 5fC levels, respectively 43 . Cytosine and thymine derivatives have impor tant biological roles and are not simply intermediates in demethylation pathways, although these roles are not yet fully understood. Therefore, a pressing need nature reviews | CheMiStRy Cytosine (C) residues in DNA can be methylated by DNA methyltransferases (DNMTs). The resulting 5-methylcytosine (5mC) residues can be oxidized by the ten-eleven translocation (TET) family of dioxygenase enzymes to produce 5-hydroxymethylcytosine (5hmC) and subsequently 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). The role of 5mC as an epigenetic modulator of transcription is well established, and strong evidence exists that 5hmC also functions as an epigenetic modification. 5fC and 5caC also seem to influence the binding of specific transcription factors and chromatin regulators to genomic DNA and the activity of RNA polymerase II. The oxidized derivatives of 5mC are also intermediates in an active demethylation pathway , as 5fC and 5caC can be excised by thymine DNA glycosylase (TDG) to produce an abasic site, which can be restored to an unmodified cytosine by base excision repair (BER). Evidence also exists for the deformylation of 5fC and potentially also the decarboxylation of 5caC (dashed arrows).
for further study of these modifications exists, which requires the development of highly robust, accurate and sensitive methods for the detection of pyrimidine modifications in genomic DNA. Methods for detecting cytosine modifications are currently the focus of exten sive research. In this Review, we discuss established methods as well as new developments; in particular, we focus on chemical detection methods as well as meth ods that exploit protein-DNA interactions or that are based on oligonucleotide probes. Finally, we explore the emerging area of detection methods for thymine modifications.
Chemical detection methods
A large number of methods for the detection of cytosine modifications in DNA, both at the genomewide level and with singlebase resolution, have been developed. Genomewide levels of all cytosine modifications can be determined using mass spectrometrybased meth ods 18, 44, 45, [47] [48] [49] . The sensitivity of mass spectrometry can be improved by the chemical labelling of cytosine mod ifications to introduce easily ionizable groups [50] [51] [52] [53] [54] [55] . The genomewide levels of cytosine modifications have also been determined using highperformance liquid chro matography 56 and highperformance capillary electro phoresis 57 . Furthermore, a method based on thinlayer chromatography has been used to detect 5fC and 5caC in DNA 15 .
Maxam-Gilbert sequencing
In addition to studying genomewide levels of cytosine modifications, the development of methods to study these modifications at singlebase resolution is also desirable. Some early chemical methods for identifying the specific positions of 5mC residues in genomic DNA were based on the Maxam-Gilbert sequencing method (reviewed elsewhere 58 ). Ongoing developments include the use of two different NhalogenoNsodiobenzenesulfonamide reagents for the detection of 5mC in Maxam-Gilbert sequencing 59 ( Fig. 3) . In these reactions, treatment of DNA with NsodioNchloropnitrobenzenesulfonamide (1) in conjunction with I 2 causes selective iodination of cytosine residues, whereas treatment of DNA with NsodioNbromomnitrobenzenesulfonamide (2) causes bromination of both cytosine and 5mC. Sub sequent treatment of the DNA samples with hot piperi dine causes strand cleavage at the halogenated sites. After gel electrophoresis, comparison of the results obtained after NsodioNchloropnitrobenzenesulfonamide (1) and I 2 treatment with those obtained after Nsodio Nbromomnitrobenzenesulfonamide (2) treatment enables the identification of 5mC sites. Of note, Nsodio Nbromomnitrobenzenesulfonamide (2) also reacts with 5hmC, and enzymatic glucosylation of 5hmC pre vents this reaction, thereby enabling 5hmC residues to be distinguished from 5mC using this method. These reagents can also be used in conjunction with the sodium bisulfite treatment of DNA, which converts cytosine residues into uracil (U) but does not affect 5mC. During PCR amplification, cytosine is replicated as uracil, and 5mC is replicated as cytosine. Nsodio Nbromomnitrobenzenesulfonamide (2) can then selectively react with 5mC 60 . Another method takes advantage of the fact that after bisulfite treatment and PCR, guanine (G) is incorporated opposite 5mC, whereas adenine (A) is incorporated opposite cyto sine. In this method, treatment with K 2 WO 4 and H 2 O 2 induces selective strand cleavage at guanine, enabling the identification of 5mC sites 60 . Furthermore, hot piperidine treatment of DNA can induce strand cleav age at 5fC, a treatment that can also be used for the detection of 5hmC by first oxidizing 5hmC to 5fC 61 . Although Maxam-Gilbert sequencing methods require gel electrophoresis, which is timeconsuming and labourintensive, they provide robust sequencespecific detection of 5mC and 5hmC.
Bisulfite sequencing
The most widely used strategy for the sequencespecific detection of 5mC is the chemical derivatization of DNA using sodium bisulfite, a method termed bisulfite sequencing (BSseq), which was first reported in a sem inal study by Frommer et al. in 1992 (REFS 62,63 ). Bisulfite treatment of DNA leads to deamination of cytosine to uracil but not of 5mC to thymine, thereby translating a cytosine modification into a change in the sequence of canonical nucleobases, which can be detected using PCR (in which cytosine is replicated as uracil and 5mC as cytosine) followed by DNA sequencing. Although BSseq is a robust method for the detection of 5mC, it cannot distinguish between different oxidized deriv atives of 5mC. Cytosine5methylsulfonate (CMS) is formed upon treatment of 5hmC with sodium bisulfite, and as CMS has the same basepairing selectivity for guanine as cytosine, it is read as cytosine 64 . As sodium bisulfite converts both 5fC and 5caC into uracil, after deformylation or decarboxylation, BSseq cannot dis tinguish either of these modifications from unmodified cytosine 22 (TABlE 1) .
This limitation can be overcome by using additional chemical derivatization steps before sodium bisulfite treatment. Oxidation of 5hmC to 5fC using potassium perruthenate (oxidative BSseq (oxBSseq)) or reduction of 5fC to 5hmC using sodium borohydride (reductive BSseq (redBSseq)), followed by BSseq, enables the The oxidation of thymine (T) residues in DNA produces 5-hydroxymethyluracil (5hmU), which can be further oxidized to 5-formyluracil (5fU). These oxidized thymine derivatives result from damage caused by reactive oxygen species (ROS). In addition, 5hmU is produced by ten-eleven translocation (TET) dioxygenase enzymes, and evidence exists that 5hmU might have a role in regulating transcription. The structural similarity between 5hmU and 5-hydroxymethylcytosine (5hmC) and between 5fU and 5-formylcytosine (5fC) is a challenge in the development of detection methods that can distinguish between these modifications. nature reviews | CheMiStRy R e v i e w s volume 2 | november 2018 | 335 levels of 5fC and 5hmC to be determined by compar ing the oxidized or reduced samples with the untreated samples 65 (TABlE 1) . Alternatively, to avoid the problem of DNA degradation by potassium perruthenate, bis(ace toxy)iodobenzene (enclosed in sodium dodecyl sulfate micelles) and 2hydroxy2azaadamantane have been used to oxidize 5hmC to 5fC 66 . Furthermore, Cu(ii) perchlorate, (2,2,6,6tetramethylpiperidin1yl)oxyl (TEMPO) and 2,2ʹbipyridine also selectively oxidize 5hmC to 5fC 61 . Another method for the detection of 5hmC, termed TETassisted BSseq (TABseq), uses glucosylation of 5hmC by βglucosyltransferase to protect it from oxi dation by TET1, whereas all other 5modified cytosine residues are oxidized to 5caC 67, 68 . In BSseq, 5hmC is then the only base that is read as cytosine (TABlE 1) . 5fC can also be detected using a method termed 5fC chemical modificationassisted BSseq (fCABseq), in which 5fC is first protected from deamination by the formation of an oxime with ethylhydroxylamine, resulting in 5fC, 5mC and 5hmC being read as cytosine in BSseq (TABlE 1) . The location of 5mC or 5hmC bases can be determined using conventional BSseq, and the location of 5fC bases can then be inferred by comparison 28 . Another varia tion of CABseq, that is, 5caC CABseq (caCABseq), can detect 5caC using an amidebondforming reaction with a xylenebased primary amine. Inclusion of an azide group in the primary amine enables attachment of a biotin tag for affinity isolation of DNA fragments con taining 5caC. Subsequently, the biotin tag is removed by cleavage of a disulfide bond that is present in the linker. Formation of the amide bond protects 5caC from decarboxylation and deamination by sodium bisulfite, resulting in 5caC being read as a cytosine in BSseq 69, 70 (TABlE 1). Methylaseassisted BSseq (MABseq) uses a methylase enzyme to methylate all unmodified cyto sine residues to 5mC. Sodium bisulfite treatment then converts only 5fC and 5caC into uracil, enabling their identification, although they cannot be distinguished from each other 71, 72 (TABlE 1) . In a method termed 5caC MABseq (caMABseq) 72 , after enzymatic methylation of unmodified cytosine residues, NaBH 4 treatment con verts 5fC residues into 5hmC prior to BSseq, enabling selective detection of 5caC because it is the only base that is read as uracil (TABlE 1) .
BSseq is currently considered the gold standard for detecting cytosine modifications. Although robust detection of 5mC, 5hmC, 5fC and 5caC at single base resolution can be achieved with BSseq using additional chemical modification steps, these meth ods still have some shortcomings. First, as ~95% of the DNA is destroyed by sodium bisulfite treatment, a large sample of DNA is often needed 73 , although BSseq analysis of DNA from single cells has been reported [74] [75] [76] [77] . Second, incomplete conversion of cyto sine into uracil can lead to errors 78 . Third, the use of several chemical manipulations of the sample increases the probability of bias or contamination 79 . Fourth, the reduction in sequence complexity resulting from the conversion of cytosine into uracil in BSseq can be prob lematic in the PCR amplification step 80 . Finally, BSseq is a labourintensive method that requires several steps. To overcome these shortcomings, a number of modifi cations to BSseq have been reported, including the use of restriction endonucleases, utilization of modified PCR assays, embedding of the DNA sample in agarose beads or adaptation of the GoldenGate genotyping assay [81] [82] [83] [84] [85] [86] . However, the development of bisulfitefree detection methods for cytosine modifications is still of substantial interest.
Other chemical methods of detection Detection of 5-methylcytosine
Aside from BSseq, a number of novel chemical deri vatization strategies based on selective oxidation have been developed for the detection of 5mC. Osmium tetroxide treatment of DNA causes oxidation of 5mC to yield an osmate complex, whereas unmodified cyto sine does not react with OsO 4 (REF.
87
). A 2,2ʹbipyridine ligand modified with a linker attached to a fluorescent or electrochemically active group can coordinate to the osmate and enables the detection of 5mC 88 . The exact locations of 5mC residues can be determined by treat ment with hot piperidine, which causes strand cleavage at oxidized 5mC residues but not at cytosine, followed by polyacrylamide gel electrophoresis.
Detection of 5mC by selective oxidation has also been achieved using V 2 O 5 or using NaIO 4 and LiBr (REF. 89 ).
Oxidation of 5mC using TET proteins to yield 5hmC, followed by sequential labelling with an azidecontaining glucose derivative and biotin, has also been used. However, before TETmediated oxidation of 5mC, 5hmC residues in the DNA sample must be blocked
Affinity isolation
The use of non-covalent interactions with a protein to facilitate the isolation of a target molecule.
Restriction endonucleases
Enzymes found in bacteria and archaea that are used for antiviral defence and that cleave DNA at or near specific recognition sites. by enzymatic glucosylation 90 . Direct electrochemical oxidation of 5mC is also a useful detection method 91, 92 . A number of other methods based on electrochemi cal detection [93] [94] [95] [96] or on fluorescence resonance energy transfer (FRET) [97] [98] [99] have also been reported. Derivatization of DNA with Oallylhydroxylamine has been used to detect 5mC 100 . Oallylhydroxylamine forms adducts with both cytosine and 5mC, but the adducts have different conformations owing to a steric clash between the allyl group of Oallylhydroxylamine and the methyl group of 5mC. As a consequence, the two adducts have different basepairing selectivity -the 5mC adduct base pairs with guanine, whereas the cyto sine adduct base pairs with either guanine or adenine, thereby enabling cytosine and 5mC to be distinguished using a pyrosequencing method.
Detection of 5-hydroxymethylcytosine
Glucosylation. Aside from its use in BSseq, glucosyla tion of 5hmC by βglucosyltransferase has also been used in other methods for the detection of 5hmC, including several methods that use glucosylation in combination with restriction enzymes [101] [102] [103] . Glucosylation of 5hmC with radiolabelled glucose can be used to quantify genomewide levels of 5hmC 104 . Alternatively, the glu cosylation, periodate oxidation and biotinylation (GLIB) method involves glucosylation of 5hmC, treatment of the DNA with sodium periodate to oxidize the glucose, and then the attachment of biotin tags to the resulting aldehydes through the formation of oxime linkages. Then, DNA fragments containing biotintagged 5hmC are affinityisolated in a pulldown assay using streptavi din and are quantified 25 . In 5hmCselective chemical labelling (hMeSeal) 105, 106 , a glucose moiety contain ing an azide group is enzymatically attached to 5hmC, enabling selective reaction of glucosylated 5hmC with an alkynecontaining biotin tag. NanohmCSeal is an optimized version of hMeSeal, which includes DNA fragmentation and sequencing adaptor ligation in a sin gle step prior to the glucosylation reaction, as well as a PCR amplification step after affinity isolation of biotiny lated 5hmCcontaining DNA fragments and prior to sequencing. These modifications enable the detection of 5hmCcontaining regions in DNA from a small number of cells (~1,000 cells) 107 . Nonenzymatic biotinylation of 5hmC has been achieved using an alkyl sulfinate rea gent in a reaction similar to the production of CMS from 5hmC by treatment with sodium bisulfite 108 . Methods using boronic acid moieties and 5hmC glu cosylation have been developed to quantify 5hmC lev els at the genomewide level as well as to detect 5hmC with singlebase resolution. For genomewide analysis, reaction of glucosylated 5hmC with phenylboronic acidfunctionalized microspheres results in the forma tion of boronate esters, which have a higher fluorescence intensity than the parent phenylboronic acid, enabling spectroscopic quantification of 5hmC levels in DNA 109 . For sequencespecific analysis of 5hmC, a PCR assay was developed that relies on boronicacidderivatized glu cose moieties on 5hmC inhibiting DNA replication by Taq DNA polymerase 110 .
Electrochemical biosensors. A sensitive electrochemical biosensor, which is based on the glucosylation of 5hmC and reaction of the glucose moieties with a boronic acid, has been developed for the detection of 5hmC in target sequences. In this method, oligonucleotide probes are immobilized on the surface of an electrode, the DNA sample is added and complementary strands hybridize to the probes. 5hmC residues in the hybrid ized sample DNA strand are then glucosylated using βglucosyltransferase, and the appended glucose moi eties are further reacted with 1,4phenyldiboronic acid. One boronic acid moiety reacts with the glucose moiety, whereas the free boronic acid is available for reaction with alkaline phosphatase, which catalyses the hydroly sis of pnitrophenylphospate to pnitrophenol, an elec trochemically active product that is used to quantify 5hmC levels 111 . Another biosensor that utilizes alkaline phosphatase for 5hmC detection has been developed. In this method, DNA strands immobilized on a magnetic bead are incubated with the DNA methyltransferase M.HhaI, which derivatizes 5hmC with cysteamine, enabling the attachment of biotin to facilitate recogni tion by avidinconjugated alkaline phosphatase. The bound alkaline phosphatase catalyses the conversion of 2phosphoascorbic acid trisodium salt into ascorbic acid, which can be detected photoelectrochemically 112 . This 5hmClabelling method was also used to develop a biosensor that uses horseradish peroxidase instead of alkaline phosphatase 113 .
Chemiluminescence-based detection. Methods for 5hmC detection based on turning chemilumines cence on or off have also been developed. For example, glucosylated 5hmC was derivatized with ferrocenebo ronic acid through the formation of a boronic ester, and the ferrocenelabelled DNA acts as a quencher of the electrogenerated chemiluminescence produced by [Ru(2,2ʹbipyridine) 3 ] 2+ immobilized on the sur face of an electrode, thereby enabling 5hmC levels in DNA to be quantified by measuring the decrease in chemiluminescence intensity 114 . By contrast, a method based on switching on electrogenerated chemilu minescence was developed for the quantification of 
, 5-carboxylcytosine; 5fC, 5-formylcytosine; 5hmC, 5-hydroxymethylcytosine; 5mC, 5-methylcytosine; C, cytosine; CAB-seq, chemical modification-assisted BS-seq; T, thymine; TET, ten-eleven translocation.
Electrogenerated chemiluminescence
A process in which reactive intermediates that are generated electrochemically undergo reactions to form excited-state species that emit light. 3+ bound is proportional to the length of the DNA strands, which indicates whether or not they have been cleaved by MspJI. As glucosylation of 5hmC residues protects them from recognition by the endonuclease, inclusion of a glucosylation step can make this assay specific for 5mC.
Reaction with peroxotungstate. A chemical method for the detection of 5hmC has been developed in which peroxotungstate is used to selectively oxidize and deaminate 5hmC to trihydroxylated thymine (thT) 118 , resulting in the incorporation of an adenine instead of a guanine opposite the trihydroxylated thymine in a primerextension assay, enabling the position of 5hmC residues to be determined.
FRET-based detection. FRET has also been used to detect 5hmC and 5fC. Treatment of DNA with KRuO 4 results in oxidation of 5hmC to 5fC, followed by label ling with hydroxylamineBODIPY. The labelled DNA is then captured on cationic conjugated polymers (CCPs) through an electrostatic interaction with the negatively charged phosphodiester backbone. The CCPs have excellent lightharvesting properties and can trans fer energy to the BODIPY group by FRET. The use of FRET improves the signaltonoise ratio compared with simple direct excitation of the BODIPY fluoro phore, enabling more sensitive detection 119 . CCPs have also been used in conjunction with sodium bisulfite treatment in a FRETbased method for the detection of 5mC 99 . Information about the distance between 5mC and 5hmC residues can be obtained using a technique based on FRET. In this method, enzymatic labelling of 5hmC with an azidecontaining glucose derivative enables the attachment of an alkynecontaining Cy3 fluorophore to 5hmC residues. Subsequent treatment of the DNA sample in a onestep procedure with TET1, βglucosyltransferase and an azidecontaining glu cose derivative enables labelling of 5mC residues with an alkynecontaining Cy5 fluorophore. A FRET sig nal is a functional readout of the spatial proximity of a 5mC and a 5hmC residue in the DNA sample. If the 5mC and 5hmC residues are on complementary strands, denaturing the DNA results in the loss of a FRET signal, whereas the FRET signal remains if the residues are close together on the same strand 120 .
Detection of 5-formylcytosine 5fC selective chemical labelling. The hMeSeal method 105 for the enrichment of DNA fragments containing 5hmC has been extended to the detection of 5fC, a method termed 5fC selective chemical labelling (fCSeal) 28 . After protection of 5hmC by glucosylation, 5fC can be selec tively reduced to 5hmC by sodium borohydride treat ment, and the newly created 5hmC residues are then enzymatically labelled with an azidecontaining glucose moiety for the attachment of alkynecontaining biotin tags. Alternatively, 5fC residues can be directly labelled with biotin through an oxime or hydrazone linkage 61, 121 .
Labelling with a 1,3-indandione derivative and CLEVER-seq. 5fC has been selectively labelled using a Friedlandertype reaction with an azidecontaining derivative of 1,3indandione 122 (3; Fig. 4 ). An alkyne containing biotin group is then attached, enabling affinity isolation of DNA fragments containing 5fC using streptavidincoated beads. The bound DNA frag ments containing 5fC are subsequently released from the beads, followed by PCR and DNA sequencing. Labelled 5fC residues are read as thymine in the PCR, enabling them to be identified by comparison with unlabelled samples. As sodium bisulfite is not used, this method avoids the problem of degradation of the DNA sample and is useful for the analysis of bulk samples of DNA. Owing to the poor solubility of 1,3indandione derivatives in water and the need for purification steps to remove excess 1,3indandione derivatives before PCR, this method is unfeasible for singlecell analysis. However, these issues were over come by substituting malonitrile (4) for 1,3indandi one derivatives in the labelling of 5fC, a method termed chemicallabellingenabled CtoT conversion sequencing (CLEVERseq) 123 (Fig. 4) .
Host-guest binding interactions.
A novel method for 5fC detection uses 2(adamantyl)ethoxyamine (5) to label 5fC with an adamantane moiety by the formation of an oxime linkage 124 (Fig. 4) . The adamantane moiety is recognized by the macrocycle CB7 through a hostguest binding interaction. The bulky CB7-adamantane complex blocks enzymes that read DNA, such as restric tion endonucleases and DNA polymerases, enabling the position of 5fC residues to be determined using a primerextension assay. The potential to adapt this intriguing method to quickly measure global levels of 5fC by covalently linking a fluorophore to CB7 has yet to be explored.
Labelling with a trimethylindole derivative. Another promising chemical derivatization strategy for the detection of 5fC, both at the genomewide level and with singlebase resolution, involves labelling DNA with a trimethylindole derivative (6) . These derivatives react with 5fC to produce hemicyaninelike chromo phores 125 ( Fig. 4) , enabling quantification of 5fC levels by measuring the fluorescence emission intensity of the sample. For the detection of 5fC at singlebase res olution, a primerextension assay can be used, as the hemicyaninemodified nucleobases block Klenow DNA polymerase, which usually bypasses 5fC.
Labelling with CBAN and azi-BP. 5fC can also be labelled using 2(5chlorobenzo[d]thiazol2yl)acetoni trile (CBAN) (7; Fig. 4 ) for genomewide and singlebase resolution analysis of 5fC. Importantly, this method enables selective detection of 5fC over the structurally similar 5fU, as CBAN also reacts with 5fU but does not form a cyclized fluorescent product. The fluorescence of the CBANlabelled 5fC residues enables the quanti fication of 5fC levels in DNA. In addition, labelling with CBAN removes the hydrogenbond donating exocyclic amino group of 5fC and thereby alters its basepairing properties and results in it being read as thymine dur ing PCR. Comparison of labelled and unlabelled sam ples therefore enables sequencespecific detection of 5fC 126 . In a further development of this strategy, 5fC was labelled with a reagent termed aziBP (8; Fig. 4) , and a biotin moiety was attached by reaction with the azide group in aziBP, enabling affinity isolation of 5fCcontaining DNA fragments. The large aziBP-biotin label blocks DNA polymerases, enabling singlebase resolution analysis of 5fC by quantitative PCR. In addi tion, as labelled 5fC residues basepair with adenine instead of guanine, they can be identified using Sanger sequencing 127 .
Labelling with pyrene. Finally, 5fC can also be labelled with a 2hydrazinylN(pyren1yl)acetamide fluoro phore (9) through the formation of a hydrazone link age (Fig. 4) , enabling quantification of the levels of 5fC in a DNA sample by measuring fluorescence intensity. Furthermore, when two 5fC residues are present at a symmetric CpG site in doublestranded DNA, the two adjacent pyrene groups form an excimer, which leads to a shift in the emission wavelength and an increase in the fluorescence intensity, enabling the levels of iso lated 5fC residues and 5fC in symmetric CpG sites to be determined 128 .
Detection of 5-carboxylcytosine
Although methods such caMABseq, the use of anti bodies and nanopore sequencing have been developed for the detection of 5caC, to the best of our knowledge, there are no reports to date of a bisulfitefree chemical detection method for this modification.
Use of protein-DNA interactions Detection of cytosine modifications
Restriction endonucleases. The use of DNAbinding proteins that recognize cytosine modifications is the main alternative to the chemical derivatization strat egies discussed above. An early method for detecting 5mC used restriction endonucleases that are sensitive to methylation at CpG dinucleotides in their recognition and/or cleavage sites 129 . Recent advances have involved combining restriction enzyme digestion with enzymatic glucosylation of 5hmC for the detection of this modifi cation [130] [131] [132] . A major limitation of restriction enzymes is the nontuneable sequence specificity of their DNA cleavage, although this property is useful in applications when only the methylation status of particular sites is of interest.
Antibodies. Another strategy for the detection of 5mC is the methylated DNA immunoprecipitation (MeDIP) assay, which uses antibodies that specifically recognize methylated cytosine residues in DNA. In this method, the DNA is first fragmented, typically by sonication, and is then denatured. The resulting singlestranded frag ments containing 5mC are immunoprecipitated using monoclonal anti5mC antibodies and then sequenced. Antibodies specific for each cytosine modification have been used in MeDIP assays (reviewed in REF.
22
), includ ing antibodies specific to CMS 25 . Although immunopre cipitation is a straightforward method for the analysis of cytosine modifications, it is not quantitative, and the res olution is dependent on the size of the DNA fragments, as any number of 5mC residues in a DNA fragment will produce a positive signal. Antibodies have also been used in electrochemical immunosensors to detect 5mC 133 and 5hmC 134 .
Methyl-CpG-binding domains, J-binding protein 1 and artificial phosphopeptides.
MethylCpGbinding domains (MBDs) of methylCpGbinding protein 2 (MeCp2) can also be used to bind to 5mC in the context of CpG dinucleotides and can be fused to green fluores cent protein (GFP) to enable detection. Furthermore, fusion of a zincfinger to GFP-MBD enables target ing of a specific DNA sequence by the MBD 135 . In addition, a fusion protein comprising a zincfinger, luciferase and an MBD has been used to improve the sensitivity of 5mC detection 136 . Alternatively, MBDs can be used for affinity isolation of densely methylated DNA fragments, followed by sequencing of the isolated fragments 137 . The trypanosomal protein Jbinding pro tein 1 (JBP1) is a thymidine dioxygenase that has been used to detect glucosylated 5hmC 138 . In an interesting development, an artificial, fluorophorelabelled phos phopeptide has been created by rational design to bind selectively to 5mC 139 .
Transcription activator-like effectors. Transcription activatorlike effectors (TALEs) are a family of pro teins from Xanthomonas bacteria, which have been used to recognize cytosine derivatives with program mable sequence specificity 140 . Although both the carboxyterminal and aminoterminal regions of TALEs are involved in their binding to DNA, the sequence specificity of TALEs stems from the DNAbinding domain, which consists of 33-35aminoacid repeats. Residues 12 and 13 in each repeat are found in a loop between two αhelices and constitute the repeat vari able diresidue (RVD). The four naturally occurring RVDs recognize the four canonical nucleobases through hydrogenbonding interactions. To date, TALEs have been engineered to contain alternative mutated RVDs that selectively recognize modified cytosine nucleobases, such as 5mC and 5hmC [141] [142] [143] [144] . Furthermore, a mutant TALE that recognizes all cytosine nucleobases except 5caC has been developed 145 .
DNA methyltransferases.
A strategy for the analysis of the methylation status of CpG sites, using a DNA methyl transferase to covalently label DNA at the 5position of cytosine, has been developed [146] [147] [148] . The bacterial CpG methyltransferase M.SssI was engineered to work with synthetic Sadenosylmethionine analogues to label cytosine with functional groups other than a methyl group, such as amine or azide groups. In this method, the DNA sample is first fragmented by sonication, fol lowed by M.SssImediated labelling of unmethylated and hemimethylated CpG sites but not methylated CpG sites. Biotin tags are attached using linkers to the azide or amino groups on the labelled cytosine residues to facilitate the affinity isolation of DNA fragments using streptavidin beads. The DNA fragments are released by cleavage of a disulfide bond in the linker, followed by PCR amplification and sequencing or analy sis on a microarray. This method enabled the genome wide identification of unmethylated CpG sites 149 . A further development of this strategy, termed tethe red oligonucleotideprimed sequencing (TOPseq) 150 , involves labelling unmethylated and hemimethylated CpG sites with an azide functional group using M.SssI. A doublestranded DNA oligonucleotide containing an alkyne group is then attached using a coppercatalysed alkyne-azide cycloaddition. This tethered oligonucleo tide is then used as a primer for a DNA polymerase, by a mechanism that is not fully understood, to produce DNA strands that include unmethylated and hemi methylated CpG sites and their adjacent regions, which are sequenced. DNMT1 specifically methylates hemimethylated CpG sites but not unmodified or hydroxymethyl ated CpG sites and therefore has been used to distinguish between cytosine, 5mC and 5hmC. In this method, the sample DNA is first fragmented by restriction enzyme digestion, the fragments are ligated with hairpinshaped adaptors and then a DNA polymerase extends the DNA from the adaptor to produce selfcomplementary hairpinshaped DNA fragments. DNMT1 is then used to methylate all hemimethylated CpG sites in the hair pin duplexes, whereas it does not affect unmethylated or hydroxymethylated CpG sites. The sample is then treated with sodium bisulfite and denatured, resulting in a long DNA strand. PCR and sequencing enable the identifica tion of cytosine, 5mC and 5hmC residues in CpG sites by comparison of the two ends of the selfcomplementary sequence -cytosine residues are read as uracil at both ends, whereas 5mC residues are read as cytosine at both ends and 5hmC residues are read as cytosine at one end and as uracil at the other end 151 . A similar method has been used for the detection of 5hmC without the use of hairpinshaped adaptors 152 .
Single-molecule real-time sequencing. DNA polymer ases can be used to detect cytosine modifications in a method termed singlemolecule realtime sequencing (SMRTseq). First, the DNA polymerase is immobi lized in a zeptolitrevolume cylindrical cavity termed a zeromode waveguide (ZMW) 153 , which limits optical observation to a very small volume, thereby enabling incorporation of a single nucleotide by the DNA poly merase to be observed. The sample DNA strand is used as a template for the synthesis of a complementary strand using nucleotides labelled with fluorophores attached to their terminal phosphate. Incorporation of each nucleotide can be observed as a fluorescent pulse that ends when the fluorophore is cleaved by the DNA polymerase and diffuses out of the ZMW. The wavelength of the fluorescence identifies the nucleo base, and the duration of the fluorescent pulse (pulse width) and the time interval between successive pulses (interpulse duration) can be used to characterize the kinetics of nucleotide incorporation by the DNA poly merase, which varies when cytosine modifications are present 154 . 5fC and 5caC strongly affect the nucleotide incorporation kinetics, whereas 5mC and 5hmC have more subtle effects. Detection of 5mC can be improved by first oxidizing 5mC residues to 5caC using TET1 (REF. 155 ) or a TETlike dioxygenase from Naegleria gruberi 156 . SMRTseq has also been used in combination with sodium bisulfite treatment for the detection of 5mC 157 . Labelling 5hmC using hMeSeal enhances the effect of this modification on the interpulse duration, thereby improving the detection of 5hmC 158 . Enzymatic diglucosylation of 5hmC has also been used to improve the detection sensitivity of SMRTseq 159 . Although the addition of these labelling steps increases detection sensitivity, it also introduces an additional, albeit small, source of error; for example, the oxidation of 5mC with TET1 proceeds with only 97% efficiency 68 . Circular con sensus sequencing, whereby the same DNA template is read multiple times by the DNA polymerase, can be used to increase the accuracy of SMRTseq methods 160 . Further improvements might be obtained by mutating the DNA polymerase. Additionally, as the kinetic effect of cytosine modifications is spread over several nucleo tides and depends on the sequence context 154 , improved algorithms for deconvoluting the data, particularly when there are two 5mC residues close together, could also improve the accuracy of SMRTseq. Nanopore sequencing. Nanopore sequencing also shows excellent promise for detecting cytosine modifications. In this method, nanopores are created by proteins inser ted in a synthetic polymer barrier that separates two compartments filled with electrolyte. Ions flow thro ugh the nanopores when an electric potential is applied. The passage of DNA through the nanopores alters the ionic current in a way that depends on the structure of the nucleotides present in the nanopore. Monitoring the ionic current over time therefore enables sequenc ing of the DNA strand as it moves through the pore. Controlling the kinetics of the DNA translocation through the pore, for example, by using phi29 DNA poly merase as a cap on the pore that slowly threads DNA through the pore, improves the accuracy of the sequenc ing 161 . Nanopore sequencing using a mutated version of the Mycobacterium smegmatis porin protein MspA can distinguish between cytosine, 5mC, 5hmC, 5fC and 5caC 162 . Nanopore sequencing using αhaemolysin pores can also detect cytosine modifications 163 , and the detec tion sensitivity can be increased by chemical labelling of 5mC and 5hmC 164, 165 . Furthermore, aerolysin pores have also been used for nanopore sequencing and have the advantage that they are stable under harsh condi tions and can be used with serum, which is desirable for diagnostic applications 166 . As aerolysin pores are nar rower than those formed by MspA or αhaemolysin and contain positively charged amino acids in their lumen that interact with DNA, capping with a DNA polymer ase is not required to slow down strand translocation. To date, cytosine and 5mC have been distinguished by nanopore sequencing using aerolysin pores. Commer cially available nanopore sequencing instruments have been shown to be capable of detecting 5mC with 95% accuracy 167, 168 . Improvements in the accuracy of nanopore sequencing methods by, for example, engineering improved poreforming proteins and improving the statistical models that are used to analyse the data may lead to their broad application in epigenetics research. In addition to proteinbased nanopores, pores formed by carbon nanotubes embedded in a lipid bilayer 169 (a method that requires chemical modification of 5hmC) and solidstate nanopores 170, 171 have also been used in nanopore sequencing to detect 5hmC.
Detection using oligonucleotide probes Detection of cytosine modifications
The use of oligonucleotide probes is another strategy for the detection of cytosine modifications. As oligonucle otide probes can be readily prepared using solidphase synthesis, they are more costeffective than proteinbased probes such as TALEs. To enable the synthesis of oligo nucleotides containing nonnative functional groups, a large number of modified nucleoside phosphoramidites have been developed [172] [173] [174] [175] . In addition, the selectivity of oligonucleotide probes can be easily tuned using probe sequences that are complementary to target sites.
Detection based on photochemical reactions. DNA templated photoligations have been used to detect 5mC. In this reaction, a probe strand containing a terminal 5vinyl2ʹdeoxyuridine with a hydrophobic group undergoes a [2+2] cycloaddition with the carboncarbon double bond of 5mC induced by irradiation. Measurement of the fluorescence emitted by the pro duct enables easy detection. Reaction of the probe with 5mC is much more efficient than that with unmodified cytosine owing to a favourable hydrophobic interaction between the methyl group of 5mC and the various hydro phobic moieties that have been tested in the 5vinyl2ʹ deoxyuridine residue [176] [177] [178] (Fig. 5) . Furthermore, another method for the detection of 5mC in preference to cytosine involves the formation of a photocrosslink with a psoralen group in the oligonucleotide probe 179 , which can be detected by denaturing polyacrylamide gel electrophoresis (PAGE). Interestingly, this method was also used to successfully detect 5mC in double stranded DNA. However, owing to offtarget crosslinking of the psoralen group with thymine residues adjacent to the target site, further research is underway to improve the sequence specificity of this assay 179 . Oligonucleotides modified with a 3cyanovinylcarbazole nucleoside also selectively photocrosslink to 5mC 180 . A DNAtemplated lightactivated reaction that can detect 5mC through selective oxidation has been developed 181, 182 . In this method, the photosensitizer 2methyl1,4naphthoquinone is tethered to an oligo nucleotide probe, causing oneelectron oxidation of 5mC in the complementary strand in response to irradiation. Treatment with piperidine leads to selec tive cleavage of the oxidized strand at 5mC, whereas oligonucleotides in which one of the four canonical nucleobases replaces 5mC are much less susceptible to strand cleavage.
Fluorescent detection.
A number of oligonucleotide probes for the fluorescent detection of cytosine mod ifications have been developed. Of note, DNA probes containing an anthracene fluorophore have been shown to discriminate between all four canonical nucleobases and 5mC on the basis of changes in the intensity of the fluorescence on formation of a duplex with the sample DNA strand 183 . This method was subsequently opti mized to enable the detection of 5hmC 184 . The detec tion efficiency was found to be dependent on the length of the alkyl linker between the anthracene fluorophore and the oligonucleotide, suggesting that these probes could be further optimized for the detection of 5fC and 5caC, although this possibility has yet to be inves tigated. Furthermore, oligonucleotide probes labelled with a 6carboxyfluorescein or 6carboxy4ʹ,5ʹ dichloro2ʹ,7ʹdimethoxyfluorescein fluorophore have also been used to detect 5mC 185 . In this method, the fluo rescence intensity increases when a probe is hybridized with a complementary strand containing 5mC instead of cytosine, which was proposed to be a result of the positioning of the fluorophore in an environment that is more hydrophobic when 5mC is present than when cytosine is present. The use of hybrid probes compris ing locked nucleic acid (LNA) and DNA seems to enhance this effect, as the hybrid probes form morecompact, lesshydrated duplexes with the complementary strand than do standard probes. Another oligonucleotide probe containing a fluorescein moiety at the 5ʹ end and a dab syl quencher group at the 3ʹ end has been used to dis tinguish between cytosine and 5mC 186 . In this method, two peptide nucleic acid oligomers are first used to dis place one DNA strand from each end, enabling the oligo nucleotide probe to anneal to the region being analysed. Cleavage of the probe by a restriction enzyme at a cyto sine residue, which separates the fluorescein from the quencher, leads to strong fluorescence emission, whereas 5mC blocks cleavage by the restriction enzyme, result ing in the fluorescence emission being weak. A related strategy uses fluorescently labelled oligonucleotides to detect 5mC in doublestranded DNA by means of a strand exchange reaction, which does not occur in the absence of 5mC 187 ; the products of the strand exchange reaction are visualized using gel electrophoresis.
Electrochemical detection and use of a quartz crystal microbalance. In addition to fluorescencebased detec tion of 5mC, electrochemical detection methods have also been developed. For example, an electrochemi cally active ferrocene acetic acid group was conjugated to the 3ʹ end of an oligonucleotide probe and used in combination with a restriction enzyme to detect 5mC Cytosine modifications in DNA can be detected using oligonucleotide probes, which have the advantage of easily adjustable sequence specificity. For example, an oligonucleotide containing a 5-vinyl-2ʹ-deoxyuridine residue with a hydrophobic moiety participates in a hydrophobic interaction with the methyl group of 5-methylcytosine (5mC). This interaction facilitates a photoinduced [2+2] cycloaddition to form an interstrand crosslink. As the interstrand crosslink is not formed with unmodified cytosine, this method enables the detection of 5mC residues using probe oligonucleotides that are immobilized on a microarray. ν, frequency ; h, Planck's constant. Adapted with permission from REF.
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, RSC. 
Peptide nucleic acid
A synthetic oligonucleotide analogue in which the sugarphosphate backbone is replaced by a peptide chain.
nature reviews | CheMiStRy A quartz crystal microbalance was also used to observe the hybridization of sample DNA to oligonucleotide probes immobilized on a surface. In this procedure, the sample DNA is first digested with a restriction endo nuclease that cleaves at all unmethylated recognition sites such that, during the subsequent PCR, only DNA fragments containing 5mC are amplified; these then hybridize with the oligonucleotide probe 189 .
Approaches based on non-covalent interactions with modified nucleobases. Modified nucleotides have been used to distinguish between cytosine and 5mC in primerextension assays. Whereas cytosine modifica tions do not interfere with normal Watson-Crick base pairing, O 6 modified 2ʹdeoxyguanosine derivatives are incorporated opposite cytosine or 5mC with different efficiencies 190 . Modified nucleotides have also been incorporated into triplexforming oligonucleotides to detect modified cytosines. Triplexforming oligonucleo tides containing a synthetic Nmethylpyrrolocytosine base show substantially lower triplex melting temper atures when bound to strands that have 5mC instead of cytosine in a CpA sequence 191 . In addition, the triplex melting temperature when 5hmC, 5fC or 5caC is present in the target sequence is slightly different from that when 5mC is present.
ICON probes.
Oligonucleotide probes for 5mC detec tion that take advantage of the selective oxidation of 5mC by OsO 4 have also been developed 192 . In this method, a modified adenine residue linked to a 2,2ʹ bipyridine ligand is incorporated into an oligonucleotide probe. A mismatch between the modified adenine res idue and 5mC in a complementary strand disrupts the πstacking of the duplex, thereby facilitating oxidation by OsO 4 . The duplex melting temperature is then sub stantially higher if the 2,2ʹbipyridine ligand is coordi nated to an osmate complex. The interstrand crosslink formed by osmium and nucleic acid (ICON) probes enable the detection of 5mC at singlebase resolution. The formation of the interstrand crosslink upon coordi nation of the 2,2ʹbipyridine ligand to the osmate com plex blocks PCR and thus can also be detected using PCRbased methods 193 . Furthermore, ICON probes undergo crosslinking when 5hmC, instead of 5mC, is present 194 . The ICON probes used in these meth ods have also been immobilized on a microarray 195 . As an alternative to crosslinking 2,2ʹbipyridine lig ands, a nucleoside modified with a 6dimethylamino 2acylnaphthalene fluorophore shows substantially reduced fluorescence on complexation of OsO 4 to a basepaired 5mC residue 196 . Fluorimetric detection has also been used in combination with crosslinking by 2,2ʹbipyridine ligands 197 . Methylationspecific fluorescence in situ hybridization (MeFISH) uses ICON probes for in vivo visualization of cytosine modifica tions. In MeFISH, FISH using ICON probes labelled with a fluorophore is first carried out, the sample is then treated with OsO 4 and probes that are not crosslinked are removed by DNA denaturation. Comparison of the FISH and MeFISH images enables the methylation status at specific sites to be deduced 198 .
Crosslinking probes for detection of 5fC. The utility of crosslinking oligonucleotide probes for the detection of 5fC has also been demonstrated 27 . In this method, an oligonucleotide probe modified with a hydroxylamine moiety forms an oxime linkage with 5fC in a com plementary strand. A reporter strand hybridizes to a complementary region in the DNA adjacent to the crosslinked probe. The probe and reporter strand are ligated using a thermostable DNA ligase, primers spe cific for the ligated probe-reporter strand and for the genomic DNA are added, and droplet digital PCR is car ried out, which enables the quantification of 5fC levels at a specific locus with a high degree of sensitivity.
Detection of thymine modifications
The development of detection methods for 5hmU and 5fU in DNA is of substantial importance for understand ing the biological functions of these modifications. In particular, a need exists to develop detection methods that are selective for 5hmU over 5hmC and especially 5fU over 5fC, as the levels of these modifications in mammalian DNA are similar 43 . Indeed, a potential shortcoming of many reports of 5hmC and 5fC detec tion is that the detection specificity was demonstrated using only oligonucleotides containing other cytosine modifications as negative controls, whereas negative controls consisting of oligonucleotides containing 5hmU and 5fU were not used.
Detection of 5fU
Several studies in recent years have reported detec tion methods for 5hmU and 5fU. For example, Ophenylenediamine derivatives can be used to label 5fU through the formation of a benzimidazole linkage, as they show selectivity for 5fU over 5fC. A biotinylated ophenylenediamine has been used to tag 5fU residues in DNA, which can be used for affinity isolation of DNA fragments containing 5fU using streptavidincoated magnetic beads, and amplified by PCR 199 . An exten sion of this method to enable the detection of 5hmU involves oxidizing 5hmU to 5fU with KRuO 4 , followed by the detection of 5fU using an ophenylenediamine derivative (10) covalently linked to a naphthalimide fluorophore and a biotin tag (Fig. 6) . The fluorescence of the naphthalimide moiety is quenched by photoinduced electron transfer from the ophenylenediamine group, which no longer occurs on the formation of a benzimida zole linkage with 5fU. The biotin tag enables the affinity isolation of DNA fragments containing 5fU. This label ling strategy also enables the detection of 5fU using a primerextension assay and can be used for live imaging of 5fU in HeLa cells 200 . In a manner similar to the ben zimidazole labelling of 5fU with ophenylenediamine derivatives, 2amino4,5dimethoxythiophenol (11) has been used to label 5fU in DNA by the formation of a fluorescent benzothiazol2yl group 201, 202 (Fig. 6 ).
Another naphthalimide derivative (12) has also been used to selectively fluorogenically label 5fU through the formation of a hydrazone linkage (Fig. 6 ). An azide moi ety incorporated into the naphthalimide reagent enables the introduction of an alkynecontaining biotin tag for affinity isolation of DNA fragments containing 5fU.
Duplex melting temperature
The temperature at which half the DNA strands in a solution are found in a single-stranded state, which is used as a measure of duplex stability.
Fluorescence in situ hybridization
(FiSH). A technique for detecting specific sequences in chromosomal DNA using a fluorescent oligonucleotide probe that binds to a target site on a chromosome and is then visualized by fluorescence microscopy.
Droplet digital PCR
A procedure in which template DNA molecules are partitioned into droplets in a water-oil emulsion. PCR amplification occurs within each droplet and is then analysed to determine the fraction of droplets in which the PCR was successful, enabling the concentration of template DNA in the original sample to be determined.
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The naphthalimide group also blocks DNA polymerases in a primerextension assay 203 . Furthermore, this method has been adapted for the detection of 5fC by first block ing 5fU by reaction with 4nitroophenylenediamine to form a nonfluorescent product and then by altering the reaction conditions 204 . 5fU can also be labelled with high selectivity using 4hydrazinyl7nitrobenz[2,1,3d]oxadiazole (NBDH) (13; Fig. 6 ), again through the formation of a hydra zone linkage 205 , and the fluorescence of the resulting adduct is easily detectable. Furthermore, singlebase resolution detection of 5fU has been achieved using a primerextension assay after 5fU labelling with NBDH.
Interestingly, similar to 5fC, 5fU can also be labelled with trimethylindole derivatives to produce hemicyaninelike chromophores, and because the emis sion wavelength of the chromophore differs depend ing on which modified residue is labelled, 5fU can be distinguished from 5fC 125 .
Detection of 5hmU
An azidecontaining glucose moiety can be added to 5hmU residues using βglucosyltransferase, thereby ena bling the attachment of a biotin tag using click chemis try 206 . To avoid labelling 5hmC, the DNA sample is first treated with recombinant TET1, which oxidizes 5hmC (as well as 5mC and 5fC) to 5caC but does not oxidize 5hmU. Labelling by βglucosyltransferase is selective for 5hmU residues at mismatched 5hmU:G sites, which are formed by deamination of 5hmC and are removed in vivo by BER. 5hmU residues formed by oxidation of thymine exist at 5hmU:A sites. The use of this technique in conjunction with other methods therefore indicates the origin of 5hmU modifications.
Finally, a method for the detection of 5hmU at singlebase resolution has been reported. In this method, 5hmU is oxidized to 5fU using KRuO 4 . In mildly basic conditions, 5fU ionizes owing to the presence of the electronwithdrawing formyl group. Ionized 5fU , which react with 5fU to form benzimidazole moieties. Importantly , this reaction is selective for 5fU over the structurally similar 5-formylcytosine (5fC), which is present at similar levels in DNA. The o-phenylenediamine group in 10 quenches the fluorescence of the naphthalimide fluorophore, whereas fluorescence is enhanced when the benzimidazole linkage is formed. 5fU residues labelled with 10 block the action of DNA polymerases, enabling the detection of 5fU at single-base resolution in a primer-extension assay. Similarly , the reaction of 5fU with 2-amino-4,5-dimethoxythiophenol (11) results in the formation of a fluorescent benzothiazol-2-yl group, enabling the genome-wide levels of 5fU in a DNA sample to be determined by measurement of the fluorescence intensity. 5fU can also be selectively labelled by a naphthalimide derivative (12) or 4-hydrazinyl-7-nitrobenz-[2,1,3-d]-oxadiazole (NBDH; 13) through the formation of hydrazone linkages. The resulting adducts are fluorescent, enabling the genome-wide levels of 5fU in a DNA sample to be quantified. 5fU residues labelled with either 12 or 13 also block DNA polymerases. The azide moiety in 12 enables enrichment of DNA fragments containing 5fU through reaction with an alkyne-containing biotin derivative.
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Conclusions
The study of cytosine modifications is a rapidly expanding area in which the current detection meth ods for these modifications, such as BSseq, have found broad applicability in the analysis of genomic DNA, whereas the potential of other detection methods has been demonstrated only in synthetic oligonucleotide models (summarized in TABlE 2) . The development of bisulfitefree chemical methods for the detection of cytosine modifications promises greater progress in mapping these modifications in the future. In particular, the emergence of strategies based on chemical labelling that block DNA polymerases and enable the determina tion of the exact sites of epigenetic modifications is an exciting development. Other novel technologies, such as nanopore sequencing and SMRTseq, show substantial promise, as improvements in their accuracy continue to be made. Methods based on the fluorescent labelling of cytosine modifications also show promise as conven ient detection methods, although they do not have the singlebase resolution associated with methods such as BSseq and nanopore sequencing.
The use of oligonucleotide probes for detecting cytosine modifications is an emerging area that offers potential for the development of probes that can detect epigenetic modifications at specific sites without the need for DNA sequencing. As oligonucleotide probes can be immobilized on microarrays, the potential exists for convenient highthroughput screening of DNA samples. Indeed, DNA microarrays designed to detect cytosinetouracil conversion in bisulfitetreated DNA samples are already commercially available 208 . Oligonucleotide probes can also be used in vivo in a manner similar to established FISH techniques, as has already been demonstrated with ICON probes 198 . Oxidized thymine derivatives are now also detectable and distinguishable from their cytosine analogues using current methods; thus, an improved understanding of these modifications is likely to follow.
Further advances in the detection of cytosine and thymine modifications will facilitate research on their role in development and diseases, potentially leading to new therapies. Moreover, the analysis of DNA modifi cations is also important in diagnostics and forensics; sequencespecific probes for epigenetic markers may find applications in these areas as well.
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